Abstract (150 words)
Introduction

16
Spatial perception and actions rely on different spatial codes, often 17 associated with different reference frames. For instance, the accuracy of pointing 18 or reaching with an arm or finger to a visual target depends not only on the position 19 of target relative to gaze (Fiehler, Schütz, & Henriques, 2011 ; Thompson, Byrne, 20 & Henriques, 2014), but also on salient world-centered landmarks (Schütz, 21 Henriques, & Fiehler, 2013) . Similarly, judgment of visual location during whole-22 body movement is influenced by a target's position relative to gaze, as well as by 23 the location of the target relative to the body (Tramper & Medendorp, 2015) . 24
In touch, too, space is coded in several reference frames. Touch activates 25 specialized sensory receptors embedded in the skin, and the arrangement of the 26 peripheral sensors is reflected in the homuncular organization of primary 27 somatosensory cortex (Penfield & Boldrey, 1937; Roux, Djidjeli, & Durand, 2018) , 28 referred to as a skin-based or somatotopic layout. However, because our body can 29 take various postures, the stimulus location in space -often referred to as its 30 external location -must be derived by combining skin location and body posture, 31 a process termed tactile remapping (Heed, Buchholz, Engel, & Röder, 2015) . 32
Indeed, there is evidence that external tactile locations can be coded in a gaze-33 centered reference frame (Harrar & Harris, 2010; Mueller & Fiehler, 2014b , 2014a , 34 but also relative to anchors such as the head, torso, and hand (Alsmith, Ferrè, & 35 Longo, 2017; Heed, Backhaus, Röder, & Badde, 2016) . 36
It is less clear, however, according to which principles these different spatial 37 codes are employed. Both bottom-up features such as the availability of sensory 38 information (Bernier & Grafton, 2010) stimulus confusion is much more prominent when the arms are in a crossed than 71 in an uncrossed posture. This is surprising because the TOJ task asks about the 72 identity of the touched limb, and, in theory, it would be irrelevant to this question 73 where the hand was in space. That limb crossing, nevertheless, affects TOJ 74 implies that posture cannot be strategically ignored, but is automatically 75 incorporated into the hand assignment. 76
Several explanations have been put forward to account for crossing effects 77 in tactile localization. First, it has been suggested that touch location, once it is 78 remapped, is retained only in an external spatial code, and the original skin location 79 is discarded in the process. To report which body part has been touched, the brain 80 must then reversely determine which limb was located at the computed external 81 location at the time of the touch (Kitazawa, 2002 (Azañón, Mihaljevic, & Longo, 2016) . These graded modulations of the TOJ 100 have led to the claim that the TOJ paradigm is an implicit index of tactile remapping 101 -is at odds with the idea that tactile judgments are based on precise spatial 128 remapping. 129
Here, we assessed, in a single experiment, hand assignment and spatial 130 localization of tactile stimuli presented during movement. Our objective was to test 131 whether TOJ responses mark the use of the stimulus's precise, external-spatial 132 location constructed in response to the stimulus, or whether instead participants 133 estimate the precise stimulus location post-hoc by integrating the hand movement 134 trajectory with stimulus time. In other words, we aimed to directly contrast, in a 135 single experiment, the three discussed hypotheses for tactile localization, the 136 space-to-limb reconstruction hypothesis, the stimulus switch hypothesis, and the 137 time reconstruction hypothesis. 138 participants reported on which of the two hands the first stimulus had occurred by 169 reaching with this hand to the perceived external location of the stimulus (see 170 Figure 2B ). The response, thus, contained two components: the hand to which the 171 first stimulus was assigned, and explicit spatial localization of this stimulus. 172
Hand assignment 173
We measured TOJ performance as the percentage of correct reports of 174 which hand had been stimulated first in the TOJ task, as indicated by the hand that 175 participants used for their localization response (see Figure 3) . Stimuli could occur 176 during all times (see Methods for details), so we binned the binary 177 (correct/incorrect) TOJ response data into four movement phases -stimulation 178 before movement onset, during first and second half of movement, and after 179 interactions (see Table 1 at the end of this manuscript). With movement phase, the 192 effect of Start Posture (see Fig. 3 , dark vs. light colors) declined, whereas the effect 193 and that a limb assignment entails computing which limb was at that spatial 210 location when the stimulus occurred. Thus, in our task, responses with the 211 incorrect hand would result from assigning the incorrect hand to the correct spatial 212 location of the first tactile stimulus (see Figure 1A) . Accordingly, the chosen, 213 incorrect hand should be directed to the location at which the stimulus of the other, 214 correct hand had occurred, and the reported stimulus location in TOJ error trials 215 should scatter around the movement trajectory of the correct hand. Contrary to this 216 prediction, participants pointed to locations scattered around the movement 217 trajectory of the chosen, incorrect hand (see also Figure 2B ), indicating that the 218 chosen stimulus had been perceived on the incorrect hand (see Figure 4 for the 219 localization responses of the participant with the largest variability in localization 220 errors). Thus, localization behavior did not support the implication of the space-to-221 limb reconstruction hypothesis that the correct external spatial location is simply 222 assigned to a wrong limb. 223
Having established that participants appear to have perceived the stimulus 224 at the reporting hand, two possibilities remain as to which stimulus location was 225 associated with erroneous responses (see Fig. 1 ). The stimulus switch hypothesis 226 assumes that the two stimuli were localized correctly, and one is chosen for the 227 response. In TOJ error trials, participants would confuse the two stimuli and report 228 the second stimulus by pointing at its location with the respective, incorrect hand. the present data (see Figure 5 ). In the case of correct TOJ trials, we assume that 249 participants aimed, as instructed, at the location of the correct hand at time 1. 250 Therefore, we derive the localization error curve as the spatial difference of 251 reaching endpoint and hand location at time 1 (see Fig. 6, dark blue lines) . 252
However, we can also derive a second localization error curve by computing 253 localization error relative to time 2 (see Fig. 6 , light blue lines). This hypothetical 254 error curve is shifted to the left of the first curve, because time 2 is later in time 255 In contrast, the average time shift between localization errors for correct TOJ trials 290 at time 2 and TOJ error trials was -109 ms, and a model without intercept fit this 291 condition siginificantly worse than a model that included the intercept ( 2 (1) = 292 26.68, p < 0.001). The significant difference to time 2 suggests that participants 293 did not aim at the position of the second stimulus in TOJ error trials. While the non-294 significant difference to to time 1 does not statistically imply equality of the error 295 curves in correct and incorrect TOJ trials, it suggests that, if a difference exists, it 296 is small. 297
Discussion
298
The aim of our study was to test whether participants represent the 299 remapped spatial location of tactile stimuli when they make spatial decisions about This is a seemingly surprising conclusion given that limb crossing quite obviously 360 creates conflict between the anatomical body side and the side of space, and it is 361 a strong claim that seems to invalidate the experimental logic of numerous papers 362 that have applied this logic. Our conclusion is, however, in fact compatible with 363 that of another recent study in which participants performed TOJ of tactile stimuli 364 presented to the hands and feet (Badde, Röder, & Heed, 2018) . In that study, the 365 limbs that would receive the two stimuli for the TOJ were unknown prior to a given 366 trial, so that four, rather than just two, response options were always available. In 367 a percentage of trials, participants systematically assigned the first touch to a limb 368 that had not received a tactile stimulus at all during the respective trial. Data analysis. Start and end of the movement were determined based on a velocity 493 threshold of 5 cm/s. We interpolated missing motion tracking data, for instance due 494 to obstruction when the hands passed each other or due to rotation of the hands, 495 using splines, with the restriction that movement onset and offset could be 496 determined. Trials were discarded when (1) marker data were missing at 497 movement onset and/or movement offset (11.9±2.6%; mean±sem); (2) no stimulus 498 localization response, indicated by finger lifting, could be detected (5.4±1.3%; 499 mean±sem); (3) movement duration is less than 200 ms (0.2±0.05%; mean±sem). 500
In total, 17.5±2.9% (mean±sem) of trials were removed. 501
Analysis of Temporal Order Judgements (TOJ).
We considered the TOJ to be 502 correct when the hand used for the localization response had indeed been 503 stimulated first. 504
Localization error. We calculated the localization error, that is, the difference 505 between the true location of the index finger at the time of stimulation and the 506 reported location, that is, index finger pointing location just before finger lifting. variables such as correct vs. incorrect responses in our TOJ task (Jaeger, 2008) . 537
Furthermore, (G)LMM and are robust against missing data and account for 538 differences in trial numbers across conditions, as present in our data. All reported 539 statistics were computed using type 3 sums of squares, as implemented in afex. 540 GLMM for TOJ analysis used only random intercepts, because models did not 541 reliably converge across all trial phases when random slopes were included. LMM 542 for time shift analysis used main effects, because a there was not enough data to 543 include the interaction. Models that tested time shifts against zero used only the 544 data corresponding to one particular reference time point of correct trials 545 (localization error relative to time 1 or time 2); given that posture did not 546 significantly modulate time shift, the respective models excluded this factor. Tables   745   Table 1 
